The human genome contains approximately 20 thousand proteincoding genes 1 , but the size of the collection of antigen receptors of the adaptive immune system that is generated by the recombination of gene segments with non-templated junctional additions (on B cells) is unknown-although it is certainly orders of magnitude larger. It has not been established whether individuals possess unique (or private) repertoires or substantial components of shared (or public) repertoires. Here we sequence recombined and expressed B cell receptor genes in several individuals to determine the size of their B cell receptor repertoires, and the extent to which these are shared between individuals. Our experiments revealed that the circulating repertoire of each individual contained between 9 and 17 million B cell clonotypes. The three individuals that we studied shared many clonotypes, including between 1 and 6% of B cell heavy-chain clonotypes shared between two subjects (0.3% of clonotypes shared by all three) and 20 to 34% of λ or κ light chains shared between two subjects (16 or 22% of λ or κ light chains, respectively, were shared by all three). Some of the B cell clonotypes had thousands of clones, or somatic variants, within the clonotype lineage. Although some of these shared lineages might be driven by exposure to common antigens, previous exposure to foreign antigens was not the only force that shaped the shared repertoires, as we also identified shared clonotypes in umbilical cord blood samples and all adult repertoires. The unexpectedly high prevalence of shared clonotypes in B cell repertoires, and identification of the sequences of these shared clonotypes, should enable better understanding of the role of B cell immune repertoires in health and disease.
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raw sequencing reads for HIP1, HIP2 and HIP3, respectively. We processed the sequences to remove low-quality reads (see Supplementary Methods) and obtained about 5.8 × 10 8 , 6.3 × 10 8 and 5.1 × 10 8 sequences for subjects HIP1, HIP2 and HIP3, respectively. After filtering, these sequences were designated as 'productive reads' . We assigned the inferred germline variable-gene segments for BCR sequences and identified junctional residues using the PyIR informatics pipeline, based on IgBLAST 3 , and determined the unique V3J clonotypes from HIP1, HIP2 and HIP3.
We used data modelling techniques to determine whether the depth of sequencing was adequate to identify a large proportion of the immunoglobulin heavy-chain V3J clonotypes in circulation in each subject. We used the program iNEXT 4 to determine the species richness of V3J clonotypes in the productive-read data for each subject. The species-richness curves for all three subjects increased asymptotically but never plateaued, which suggests that even at this extreme depth of sequencing we did not identify all of the clonotypes in the sample (Fig. 1a-c , left panels). The number of unique V3J clonotypes approached between 80 and 85% of eventual coverage when we had collected between 200 and 300 million productive reads. Using the program iNEXT 4 , we also extrapolated the species-richness curves out to an additional 100-200 million productive reads beyond those obtained with sequencing. The extrapolated datasets yielded an increase in clonotype count of 15-25% (Fig. 1c, left) . We used the program Recon 5 to estimate the number of missing clonotypes. Estimates from Recon suggested that an additional 38-48% of the V3J clonotypes possible at this depth of sequencing were not identified (Fig. 1a-c , right panels). The average value for the missing or unobserved clonotypes is about 10.2 million V3J clonotypes, or roughly half of the number of clonotypes we observed from sequencing (Fig. 1d) . Lower-bound estimates of the size of the repertoires suggest that between 16 and 31 million V3J clonotypes (average of 25 million) are expected to be in circulation (Fig. 1d) . To account for the occurrence of somatic mutations in CDR3s, and to group these minor variants into clonotypes, we clustered clonotypes that had 80% sequence identity in the heavy-chain CDR3 (HCDR3) region (Fig. 1e ). This procedure suggested that the estimated number of clonotypes (about 25 million) would be reduced by 35-46% if clones with small numbers of variant residues in the CDR3 were grouped. In summary, the experimental results for the number of V3J clonotypes could be both adjusted upwards on the basis of extrapolated values (owing to incomplete experimental sequencing) and reduced in number by clustering, to accommodate minor somatic mutations in the CDR3s of the clonotypes. When examined in this way, our data suggest that the size of the circulating immunoglobulin heavy-chain repertoire in individuals comprises about 11 million clonotypes-much smaller than originally anticipated 6 . Features of the repertoires were similar between subjects (Extended Data Fig. 1a-d) . The same CDR3 sequence appeared in multiple clonotypes that use different V and J genes. About
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12% of all CDR3 amino acid sequences appeared in multiple immunoglobulin V3J clonotypes.
We next sought to determine the extent to which the three repertoires that we identified experimentally were shared. Each respective repertoire of HIP1 and HIP3 shared about 1% of its clonotypes with the repertoire of HIP2 (Fig. 2a) . The repertoires of HIP1 and HIP3 shared about 6% of their clonotypes. The percentage of shared immunoglobulin heavy-chain V3J clonotypes between all three subjects (HIP1, HIP2 and HIP3; a collection that we designate 'HIP1+2+3 shared ') was 0.3% (n = 29,062 unique V3J clonotypes). We found a similar extent of sharing between the V3J clonotypes of our subjects (0.3-0.6% shared) and each of three BCR repertoires from an independently derived dataset 7 , despite the fact that our study used methodologies for sequencing that were different from those used in producing this dataset. The median length of HCDR3 in HIP1+2+3 shared (n = 22,408 unique HCDR3s) was 13 amino acids, which was shorter than the median length of 16 amino acids when considering the total dataset (HIP1+2+3 all ; n = 30,156,947 unique HCDR3s) (Extended Data Fig. 2a) .
Previous work 8, 9 has shown that V, D and J germline genes pair preferentially. We performed a second analysis of sharing that included only those clonotypes for which a D H gene assignment could be made, in addition to assignments of V H and J H genes. These 'V3DJ' clonotypes were defined similarly to V3J clonotypes, but additionally contained an explicit D H gene assignment. The percentages of overlapping V3DJ clonotypes were similar to those obtained for V3J clonotypes. The HIP1 and HIP3 repertoires each shared about 1% of their V3DJ clonotypes with HIP2 (Fig. 2b, left) . HIP1 and HIP3 shared about 6% of their V3DJ clonotypes. The percentage of shared immunoglobulin heavy-chain V3DJ clonotypes between HIP1, HIP2 and HIP3 was 0.2% (n = 3,464 common V3DJ clonotypes). Thus, the percentage of shared clonotypes in the donor repertoires was similar when using both V3J and V3DJ clonotype assignments.
To assess whether the degree of sharing observed between the three subjects might be due to chance, or might reflect a biological mechanism that causes the common selection of certain clonotypes, we constructed null-model repertoires based on V(D)J assignments (which we term 'VDJ triples') that were observed in each of the three experimentally determined repertoires. The lengths of HCDR3 were longer for the V3DJ clonotypes than for the V3J clonotypes; HIP1, HIP2 and HIP3 each had a median length for their HCDR3 of 19 amino acids (Extended Data Fig. 2b ). Thus, we generated three large ensembles of synthetic reads (referred to as simHIP1, simHIP2 and simHIP3), each of which contained over 2 × 10 9 simulated unique clonotypes. We sampled VDJ triples from each of the synthetic repertoires on the basis of the frequency distribution of the VDJ triples from the experimentally determined repertoires (Extended Data Fig. 2c ). This procedure was accomplished by randomly sampling unique amino acid sequences for the HCDR3 from 3 to 28 residues in length (about 2 s.d. above the mean length of the HCDR3 for experimentally observed V3DJ clonotypes), from each synthetic VDJ triple, until we had obtained a Letter reSeArCH frequency distribution for the length of the HCDR3 that was similar to that observed in the experimental repertoire (Extended Data Fig. 2d ). We sampled from simHIP1, simHIP2 and simHIP3, and then determined the percentage of overlapping clonotypes. The average percentage overlap in the simulated repertoires ranged from 0.02 to 0.03% between pairs, and was 0.0004% for the intersection of all pairs (Fig. 2b,  right) . The experimental overlap value (n = 3,641 common V3DJ clonotypes) ranked highest in the distribution of overlaps obtained from subsampling of the simulated HIP repertoires (Extended Data Fig. 2e ), which suggests that the presence of overlapping clonotypes between HIP samples did not occur by chance alone.
Some germline V H + J H gene segment combinations were used more frequently than others in the experimental HIP1+2+3 shared set (Fig. 2c) . Clonotype overlap between donors was not expected for HCDR3 lengths of 25 amino acids or greater by chance alone. We analysed all immunoglobulin HCDR3 sequences that were 25 amino acids or longer in length in the HIP1+2+3 shared repertoire (n = 26 HCDR3s), and found many of these sequences shared common motifs (Fig. 2d) .
We next determined the number of unique somatic variants that were associated with the V3J clonotypes. When the somatic variants associated with each V3J clonotype were grouped by requiring the corresponding CDR1 and CDR2 amino acid sequences to be identical, thousands of potential lineages were revealed (Fig. 2e) . We found that the maximum number of somatic variants for a single clonotype with identical CDR1 and CDR2 amino acid sequences was 19,209, 22,408 and 26,919 for HIP1, HIP2 and HIP3, respectively. The number of somatic variants associated with V3J clonotypes alone was larger; the maximum number of variants for HIP1, HIP2 and HIP3 was 45,873, 34,378 and 85,898, respectively (Extended Data Fig. 2f ).
As expected, the percentage of shared V3J clonotypes for the lightchain datasets was much higher, as these chains lack a diversity gene segment and have fewer germline gene segments with which to recombine. For the Igκ chain, HIP1 and HIP2 shared 29% of their clonotypes; HIP3 shared 34% of their clonotypes with HIP2, and 25% of their clonotypes with HIP1 (Extended Data Fig. 2g ). The percentage of unique clonotypes shared between all three subjects in the Igκ set was 22% (n = 97,422 common V3J clonotypes). For Igλ, HIP1 and HIP2 shared 23% of their clonotypes, and HIP3 shared 27% of their clonotypes with HIP2 and 20% of their clonotypes with HIP1 (Extended Data Fig. 2h ). The percentage of unique clonotypes shared between all three subjects in the Igλ set was 16% (n = 66,162 common V3J clonotypes).
We next sought to determine whether humans possess common clonotypes before environmental exposure by determining the BCR repertoires of three neonates, using umbilical-cord white-blood-cell samples (designated as subjects CORD1, CORD2 and CORD3). The median lengths of immunoglobulin HCDR3 for CORD1, CORD2 and CORD3 was 14, 15 and 16 amino acids, respectively (Fig. 3a, left) . As expected, the neonatal antibody sequence repertoires lacked somatic mutations, compared to those of adult subjects; 97% of the sequences in each of the cord blood samples had germline divergence values between 0 and 1% ( Fig. 3a, right ). There were fewer V H + J H combinations in the neonatal repertoires, which probably reflects the smaller blood volume available (Fig. 3b) . The percentage of overlapping V3J clonotypes between cord blood samples was smaller than that observed in the adult samples. The percentage overlaps ranged from 0.4 to 0.5% for pairwise CORD samples, and the overlap was 0.1% for the intersection of all three samples (Fig. 3c) ; for V3DJ clonotypes, the overlap was 0.6-0.7% for pairwise CORD samples, and 0.1% for the intersection of all three samples (Extended Data Fig. 3a) . To determine the extent of sharing between all three CORD subjects, we created three synthetic immunoglobulin repertoires on the basis of the VDJ triple frequency profile (Extended Data Fig. 3b ) and the length distribution of HCDR3 from each experimental repertoire (Extended Data Fig. 3c ). The experimental overlap value (n = 45 common V3DJ clonotypes) ranked highest in the distribution of overlaps obtained from the simulated cord repertoires (Extended Data Fig. 3d) .
We next determined the degree of overlap between V3J clonotypes in the adult HIP1+2+3 shared repertoire and those of the cord blood samples. We identified the presence of 51 shared clonotypes in all six of the subjects (Fig. 3d) . HCDR3s with lengths of ten amino acids or greater generally lacked mutations in the region encoded by the inferred D gene (Fig. 3e) . We also combined BCR sequences from a previously published report 7 with the adult sequences described here, which resulted in a total of 5. IGHJ1  IGHJ2  IGHJ3  IGHJ4  IGHJ5  IGHJ6  IGHJ1  IGHJ2  IGHJ3  IGHJ4  IGHJ5  IGHJ6  IGHJ1  IGHJ2  IGHJ3  IGHJ4  IGHJ5  IGHJ6   IGHV1-2  IGHV1-3  IGHV1-8  IGHV1-18  IGHV1-24  IGHV1-45  IGHV1-46  IGHV1-58  IGHV1- clonotypes common to all six subjects. Starting from the HIP1+2+3 shared set, the three CORD sets were compared sequentially to determine the presence of 51 common V3J clonotypes. e, Shared V3J clonotypes between all six subjects. The V H and J H germline gene for each clonotype appears directly above the CDR3 amino acid sequence. Identical CDR3 sequences that appear within multiple clonotypes appear in blue. Clonotypes with the same CDR3 length and one amino acid difference appear in green text; the amino acid change is denoted in red. All underlined text denotes the location of the assigned D H germline gene. Histograms above each column provide frequencies for the number of matching clonotypes from HIP1+2+3 all that were 1, 2 or 3 mismatches (from left to right) from one of the shared clonotypes appearing in the column directly below. In this figure, the IGH prefix is omitted from the gene symbols for V and J genes.
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Letter reSeArCH the three cord blood samples identified 130 public BCR clonotypes (Extended Data Fig. 3e ). These findings suggest that some shared clonotypes appear at a high frequency in all individuals before they have been exposed to foreign antigens, and that these clonotypes persist in adult repertoires for decades.
The identification of relatively high frequencies of shared elements in human BCR repertoires that appear at birth and persist into adulthood was unexpected and interesting. The understanding of which recombined immune receptors are shared frequently in the human population could help us to understand the variability in immune response of diverse subjects to vaccination or infection. Targeting universally shared clonotypes could be an important approach in future studies for epitope-structure-based rational vaccine design 10 using germline targeting 11, 12 . The monitoring of immune responses to infection or vaccination can be improved with this information, because many adaptive responses have canonical features 13 , with some antiviral B cell clonal lineages exhibiting both genetic convergence and divergence 14 to achieve recurring motifs for the recognition of viral protein antigens 15 . Furthermore, comparisons of the healthy shared repertoires shown here with the repertoires that appear under disease conditions could lead to the development of biomarker patterns of disease states and mechanistic insights into the clonotypes that mediate the undesirable immune responses associated with autoimmune conditions 16 or malignancy. Many questions remain about the complexity of the human immunome 17 . First, here we studied only circulating blood cells; many lymphocyte populations reside in tissues in which the repertoire differs from that of blood 18 . This study was conducted using a small number of subjects, and consequently with limited genetic, racial and geographical diversity; the subjects were also studied only at one time point. Comparing these data from ultra-deep sequencing with data from emerging techniques for single-cell lymphocyte transcriptomics and linked heavy-and light-chain repertoire sequencing 19, 20 holds promise for developing a deeper understanding of human immune responses.
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MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Research subjects. We studied six (three adult and three neonatal) healthy, HIV-negative subjects with no reported acute infections or vaccinations in the months before leukapheresis or umbilical-cord blood sample collection. The subjects consisted of an adult female (HIP1), two adult males (HIP2 and HIP3), and three healthy full-term neonates (demographics shown in Extended Data Table 1 ). Leukopaks containing large numbers of peripheral blood mononuclear cells (PBMCs) obtained by leukapheresis were collected from subjects HIP1, HIP2 and HIP3 at VUMC. Cord blood was acquired immediately after term delivery from the placenta and umbilical cord and collected in heparinized tubes (NDRI). Following leukapheresis or cord blood collection, PBMCs were isolated with Ficoll-Histopaque by density gradient centrifugation and cryopreserved in multiple aliquots containing 1 × Multiple techniques and sequencing laboratories were used for these procedures to increase our sampling depth (see Supplementary Methods). In brief, total RNA or genomic DNA was extracted from unsorted PBMCs, and antibody heavy-and light-chain recombined genes were amplified by PCR with reverse transcription (RT-PCR) or PCR using multiple commercial vendor kits, commercial services or previously published methods [22] [23] [24] , followed by DNA sequencing on the Illumina MiSeq and HiSeq 2500 platform (Extended Data Tables 2-4). In one case, subsets of pan-B cells were used as input material for library preparations. Each profiling protocol varied in terms of reverse transcription and amplification strategy (multiplex PCR or 5′ rapid amplification for cDNA ends (RACE)), primer sets (V and J gene primers, leader and constant primers or 5′RACE template switching oligonucleotide and constant primers), and the incorporation of unique molecular identifiers for sequence-error correction. The molecular amplification fingerprinting 25 method incorporated unique molecular identifiers. Protocols that did not incorporate unique molecular identifiers are the AbHelix service, Adaptive immunoSEQ B cell service and BIOMED-2 method. Processing of raw reads. We processed the raw reads using our in-house pipeline and summarize the five steps below in brief (Extended Data Fig. 4 , see Supplementary Methods): (1) check quality control of the sequencing using the FASTQC toolkit 26 ; (2) generate full-length contigs from Illumina paired-end reads using the software package USEARCHv9.1 27 ; (3) remove the BIOMED-2 primers using the software package FLEXBARv3.0 28 (primer sequences in Extended Data Table 3 , and schematic of placement in Extended Data Fig. 5 ); (4) assign germlines, determine CDR3 regions and filter out poor-quality reads using MongoDB and our PyIR tool(a Python wrapper for IgBLAST V1.6 3 , available from https://github. com/crowelab/PyIR); and (5) deduplicate all redundant reads in the dataset on the basis of the nucleotide sequence in the framework 1-4 region. It should be noted that the final filter in step 4 of our pipeline uses the Phred score of each base in the CDR3 to determine the plausibility of the read. Any read with a Phred score in the CDR3 region below 30 was discarded. Using such a filter enforced a very high level of stringency, but we considered this desirable to normalize quality control across divergent laboratories and methods. The filter focused on the CDR3 region, because these residues formed the basis for defining clonotypes. For those methods that provided processed FASTA data (such as Adaptive Biotechnologies), we reprocessed the data using PyIR with only minimal filters. To facilitate downstream repertoire analysis, all productive reads (see Supplementary Methods) were uploaded to our custom SEEQ database. Clonotype definitions. We defined a V3J clonotype by the amino acid sequence of the CDR3, along with the V and J germline gene assignment. If two sequences were encoded by the same inferred V and J genes and had the same CDR3 amino acid sequence, they were considered the same V3J clonotype. In some cases (as indicated in Fig. 1e) , clustering was used to group together V3J clonotypes that share identical V and J germline gene assignments and have CDR3 amino acid sequences that share 80% or greater sequence identity. For assessing the extent of clonotype sharing between donors, we used an alternate definition of clonotype that included the D H germline gene assignment for those sequences in which a D gene assignment could be made with high confidence (see 'Defining high-confidence D H germline gene assignments'). When an explicit D H germline assignment could be made, we used the combination of the V, D and J gene and an identical CDR3 amino acid sequence to define V3DJ clonotypes. We also grouped together and determined the number of unique and productive reads associated with each V3J clonotype for HIP1, HIP2 and HIP3 (see Extended Data Fig. 2f ).
We segregated these groupings further by determining the unique and productive reads for nucleotide sequences that contained identical CDR1 and CDR2 amino acid sequences (see Fig. 2e ). In some cases (as indicated in Extended Data Figs. 2c,  3b) , we grouped sequences with matching V, D and J gene assignments, regardless of CDR3 sequence, to establish groups termed VDJ triples. Finally, in Figs. 2c, 3b and Extended Data Fig. 1d , we show the distribution of V3J clonotypes using heat maps that consider only the V H + J H gene assignments. Defining high-confidence D H germline gene assignments. D H gene segments are shorter than either V H or J H germline genes, making their assignments in sequencing challenging, owing to high levels of somatic mutation 8 . We set the E-value threshold to 10 −6 for assigning D H germline genes to productive reads from the sequenced repertoires (identical thresholds were used for V H and J H ). We note that setting the E-value threshold to 10 −6 resulted in a 75-80% loss in V3J clonotypes. However, the remaining population of experimental V3J clonotypes with D H gene assignments all had high-confidence matches and contained longer HCDR3s. Construction of clonotype repertoires. Clonotypes obtained from each subject across all sequencing methods were combined into separate pools, and dereplicated for each of HIP1, HIP2 and HIP3. We also pooled clonotypes from HIP1, HIP2 and HIP3 into collections designated HIP1+2+3 all and HIP1+2+3 shared (containing common clonotypes). Pooling enabled us to achieve a greater depth of sequencing. Rarefaction analysis and constructing species-richness curves using VJ3 clonotypes. We used the program iNEXT 4 to subsample populations of V3J clonotypes from immunoglobulin heavy chains that belonged to HIP1, HIP2 or HIP3, on the basis of the frequency of their occurrence in productive reads. iNEXT 4 was also used to extrapolate beyond the number of experimentally observed productive reads to 500 million total productive reads, to obtain estimates for additional V3J clonotype counts that we might expect with additional sequencing. Chao1 estimates were also computed using the program iNEXT 4 (see Supplementary Methods). Recon 5 was used to estimate the number of missing V3J clonotypes in the immunoglobulin heavy-chain datasets belonging to HIP1, HIP2 and HIP3. The command line arguments used for Recon can be found in Supplementary Methods. Determination of CDR3-length distributions and germline divergence distributions. The CDR3 distributions from each subject were determined from the corresponding distributions of unique clonotypes. All normalized CDR3-length histograms were constructed from unique CDR3 amino acid sequences. Germline divergence was defined as 100 per cent minus the percent identity that an immunoglobulin nucleotide sequence had with its closest matching germline V gene sequence. Germline divergence values were converted to integers before constructing normalized histograms. Determination of the extent of overlapping clonotypes between experimental datasets. To determine the percentage of clonotypes that were shared between subjects, we searched for exact matching clonotypes between subjects. The percentage overlap was defined as the total number of unique clonotypes shared between donors divided by the size of the smallest population of clonotypes between the donors being compared. The search for shared clonotypes included comparisons of clonotypes from adult subjects (HIP1, HIP2 and HIP3), three adult subjects in a previously described BCR database 7 and cord blood samples (CORD1, CORD2 and CORD3). All percentage overlaps were rounded to the nearest integer. Percentage overlaps of less than 1% were rounded to the nearest decimal place. Generating synthetic repertoires and determining the extent of overlapping V3DJ clonotypes between synthetic datasets. We used the tool Recombinator to generate synthetic V3DJ clonotypes on the basis of the VDJ triple frequency, and CDR3-length distribution of the experimentally derived repertoires (see Supplementary Methods). We generated three large synthetic repertoires that corresponded to the HIP datasets (simHIP1, simHIP2 or simHIP3). In total, this resulted in 2.37 × 10 9 , 2.42 × 10 9 and 2.49 × 10 9 unique synthetic V3DJ clonotypes for simHIP1, simHIP2 and simHIP3, respectively. Five hundred synthetic repertoires were subsampled (with replacement) from each of these larger sets. Using a permutation test on the subsampled synthetic repertoires, a total of 1,000 overlap comparisons was used to obtain an estimate of the P value by ranking the overlap count between the experimentally determined repertoires against the corresponding overlap counts from the synthetic repertoires. We generated 100 synthetic repertoires for each CORD sample (simCORD1, simCORD2 and simCORD3), as the VDJ triple frequencies were smaller than those from the HIP sets. The P value was estimated in the same way using 1,000 comparisons. Clustering somatic variants to handle length variations. To remove any methodological biases in the length of the nucleotide sequences that occurred from using different sequencing strategies, VSEARCH 29 was used to cluster the somatic variants associated with each unique V3J clonotype. The sequence-identity threshold used for clustering was set to 100%. The goal here was to determine the number of possible unique somatic variants and not to correct or 'average' out the error associated with sequencing. Collapsing heavy-chain V3J clonotypes using complete-linkage clustering. We clustered heavy-chain clonotypes belonging to HIP1, HIP2 and HIP3 using complete-linkage clustering at a sequence-identity threshold of 80% (converted from a Hamming distance). V3J clonotypes with the same CDR3 length and V and J germline gene assignments were first grouped together, and then clustered separately. All clustering was carried out using the Scipy package (version 1.0) in Python (versions 3.6.1 and 3.6.4). Figure and plot generation. All plots and normalized frequency histograms were generated using OriginPro 2018. Heat maps were generated using the Seaborn plotting module (version 0.8.1) in Python (version 2.7.12). Web logos were created using WebLogo (version 2.8.2) 21 . The Mann-Whitney U-test and Pearson's correlation coefficient (r) were both computed using the R statistical package (version 3.2.3) . Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper. Code availability. The source code (PyIR and Recombinator) and synthetic repertoires (simHIP1-simHIP3 and simCORD1-simCORD3) are available from https://github.com/crowelab/PyIR.
Data availability
Sequencing data for HIP and CORD datasets have been deposited in the NCBI Sequence Read Archive under project number PRJNA511481. FASTA files for Adaptive Biotechnologies datasets used for analyses are available from https://github.com/crowelab/PyIR. Any other relevant data are available from the corresponding author upon reasonable request.
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Data collection
All NGS data were processed using our PyIR (version: Oct 27, 2017) package written in Python and run using Python (versions: 2.7.9-2.7.12). Sequencing quality was assessed using the FASTQC package (https://www.bioinformatics.babraham.ac.uk/projects/ fastqc/). The BIOMED2 primers were removed using the published package FLEXBAR (version: 3.0) and paired-end (PE) reads were merged using the published package USEARCH (version: 9.1.13). CLUSTALO (version: 1.2.0) was used to generate multiple sequence alignments (for a small data set belonging to HIP2). The PyIR package can be accessed through: https://github.com/crowelab/PyIR.
Data analysis
All plots and normalized frequency histograms were generated using OriginPro 2018 (proprietary). Heat maps were generated using the Seaborn plotting (version 0.8.1) in Python (version 2.7.12). Sequence clustering to remove 100% identical reads (deduplication) was carried out using the published VSEARCH package (version 2.10.3). Hierarchical clustering was carried out using the Scipy package (version 1.0) in Python (versions 3.6.1 and 3.6.4). The generation of synthetic BCR clonotypes war carried out using our Recombinator tool written in Python and run using Python (versions 2.7.10 -2.7.12). The Mann-Whitney U test and Pearson correlation coefficient (r) were both computed using R (version 3.23). The published package iNEXT (version 2016-11-12) was used for Rarefaction analysis in the R Studio environment (build 1.1.423). We used the published program Recon (version 2.2)to determine the number of missing clonotypes.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub 
